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LAMINATED FLOW DEVICE 

BACKGROUND 

Micro?uidic devices are becoming an important compo 
nent of instrumentation in many areas of technology includ 
ing, for example, chemical synthesis and analysis. Conven 
tionally, channels for ?uid ?oW in micro?uidic devices are 
machined, etched, or molded into a planar substrate. The 
channels are then enclosed by attaching a second substrate. 
These channels can be ?lled With various liquids used for 
chemical processing or With a gel used for electrophoric 
separations, for example. 

In order to perform more general chromatography in this 
same device, it is necessary to incorporate a stationary phase 
Within the channels. This can be done by directly etching 
chromatographic supports into the channels. However, it is 
not possible With current technology to easily etch supports 
With cross sections large enough and pore siZes small 
enough for high performance liquid chromatography 
(HPLC). Further, the surface of the supports must be deriva 
tiZed after they are enclosed by the second substrate. Since 
the surface of the supports cannot be derivatiZed before 
enclosure, supports with different surface chemistries must 
be derivatiZed individually. This increases manufacturing 
costs and decreases production yield. 

Alternatively, a stationary phase can be incorporated by 
packing open conduits With chromatographic porous par 
ticles, silica, for example, or a castable porous polymer. 
HoWever, packing a channel With a single porous material is 
fairly di?icult and is thus subject to poor manufacturing 
yield. It is even more di?icult to pack two different materials 
into a channel or channels that are in ?uidic communication. 

Methods of fabricating micro?uidic structures in the prior 
art include: US. Pat. Nos. 6,074,725, 6,156,273 and 6,176, 
962. These methods suffer from the aforementioned disad 
vantages. 

Accordingly, there is a need to easily and inexpensively 
incorporate surface derivatiZed porous materials having a 
pore siZe small enough for HPLC and for high-pressure 
electrokinetic devices into a single micro-?oW device. There 
is also a need to incorporate more than one porous material 
into a single micro-?oW device. 

SUMMARY 

The present invention is directed toWard a ?oW device 
that satis?es this need. The ?oW device comprises a laminate 
having a porous material therein. The porous material forms 
a ?oW path and the laminate forms a non-permeable barrier 
surrounding the ?oW path. The ?oW path has a ?uid inlet and 
a ?uid outlet through the laminate. 

The pores of the porous material can have a diameter of 
less than ten microns, Which is small enough for HPLC, or 
less than one micron, Which is appropriate for high pressure 
electrokinetic devices. The porous material can be deriva 
tiZed prior to lamination. The porous material can be a 
porous membrane ?lm. More than one porous material can 
be Within the laminate. The laminate can also include a 
means for forcing a ?uid from the inlet through the ?oW path 
to the outlet, such as means for generating an electroosmotic 
?oW or a pressure differential. The laminate can also contain 
a detector, such as an optical ?ber. The ?oW path can 
Withstand pressures in excess of 500 psi. A substrate can 
support the laminate. 
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2 
BRIEF DESCRIPTION OF THE DRAWINGS 

These and other features, aspects and advantages of the 
present invention Will become better understood With regard 
to the folloWing description, appended claims, and accom 
panying draWings Where: 

FIG. 1 is a plan vieW of a laminated ?oW device embody 
ing the present invention. 

FIG. 2 is an exploded, partially cut-aWay, cross-section 
vieW of the device of FIG. 1 at line 2-2 in FIG. 1. 

FIG. 3A is a top plan vieW of a junction that can be used 
in an embodiment of the invention. 

FIG. 3B is an exploded, cross-section vieW of the junction 
of FIG. 3A at line 3B-3B in FIG. 3A. 

FIG. 4 is an exploded, partially cut aWay, cross-section 
vieW of a laminated ?oW device embodying the present 
invention and illustrating attachments for an HPLC ?tting 
and a pressure transducer. 

FIG. 5 is an exploded, partially cut aWay, cross-section 
vieW of another laminated ?oW device embodying the 
invention. 

FIG. 6A is an exploded, partially cut aWay, cross-section 
vieW of yet another laminated ?oW device embodying the 
invention and illustrating a ?rst junction betWeen a via and 
a porous material. 

FIG. 6B is an exploded, partially cut aWay, cross-section 
vieW of the laminated ?oW device of FIG. 6A illustrating a 
second junction betWeen a via and a porous material. 

FIG. 6C is an exploded, partially cut aWay, cross-section 
vieW of the laminated ?oW device of FIG. 6A and illustrating 
a third different junction betWeen a via and a porous mate 
rial. 

FIG. 7A is a partially cut-aWay, top plan vieW of a 
laminated ?oW device embodying the invention and illus 
trating a porous material edge connection. 

FIG. 7B is a partially cut-aWay, cross section vieW of the 
laminated ?oW device of FIG. 7A at line 7B-7B of FIG. 7A. 

FIG. 8. is a partially cut-aWay, top plan vieW of a 
laminated ?oW device embodying the invention and illus 
trating an optical detector. 

FIG. 9A is a top plan vieW of an embodiment of the 
present invention. 

FIG. 9B is a cross section vieW of the embodiment 
illustrated in FIG. 9A at line 9B-9B in FIG. 9A. 

FIG. 10A is a top plan vieW of another embodiment of the 
present invention. 

FIG. 10B is an exploded, cross section vieW of the 
embodiment illustrated in FIG. 10A at line 10B-10B. 

DESCRIPTION 

The present invention is directed to a ?oW device that 
includes a porous material that is encapsulated Within a 
bonding material, also referred to herein as a laminating 
material or lamination material, that forms a channel enclo 
sure. In other Words, the porous material is laminated. 
With references to the draWings, and particularly FIGS. 1 

and 2, a device 100 includes a porous material 102 that 
forms a ?oW path 104 and a bonding material 106 forms a 
non-permeable barrier surrounding the ?oW path. The ?oW 
path 104 is along a longitudinal axis of the porous material 
102 and has a ?uid inlet 108 and a ?uid outlet 110. An upper 
substrate 120a and a loWer substrate 120!) sandWich the 
bonding material 106 and provide structural support. 
A ?uid 122 can ?oW in this device from a ?rst pigtailed 

capillary 112, i.e., a capillary having one end that is lami 
nated to a device and the opposite end attached to another 
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device, through a ?rst junction 11411, through a section of a 
strip of the porous material 102, through a second junction 
11419 and out of a second pigtailed capillary 113. Electrical 
current ?oW is from an electrode (not shoWn) located in a 
liquid-?lled reservoir 115a though a reservoir liquid 121 
Which ?oWs through a via 116 drilled in the upper substrate 
12011. The current carried by the reservoir liquid 121 then 
passes through a porous media bridge 118 to the ?uid 122 in 
the strip of porous material 102, and then through a like set 
of connections to an electrode (not shoWn) in a reservoir 
11519 at the other end. The reservoir liquid 121 serves to 
carry current and little or no reservoir liquid ?oWs through 
the porous media 102. 

This device 100 can serve as an electroosmotic (also 

knoWn as electrokinetic) ?oW device Which can be used for 
electrokinetic pumping or as part of a combined electroos 
motic and pressure driven ?oW system, such as those dis 
closed in US. patent application Ser. No. 10/ 155,474 ?led 
on May 24, 2002, and entitled Combined Electroosmotic 
and Pressure Driven FloW System, published as US 2002/ 
0195344, and is incorporated herein by reference. Alterna 
tively, a pressure differential or any other means shoWn in 
the art, such as a vacuum and a pump, can cause ?uid to ?oW 

from the inlet to the outlet. The pressure differential can be 
created by any means knoWn in the art. 

All of the micro-components (not including the substrates 
120a and 12019) are encapsulated Within bonding material 
106 that forms a laminate 124 except for the ends of the 
capillaries 112 and 113 as shoWn. The laminate 124 can form 
a “chip”ilike device that may be integrated into a larger 
micro-?uidic system. Various types of porous and non 
porous media can be laminated in one device. The device 
can form a planar ?oW system that can be multi-level. 
As can be seen in FIG. 2, in one embodiment three layers 

of bonding material 106 are employed: a loWer layer 10611, 
a middle layer 106b, and an upper layer 1060. The loWer 
layer 106a and the middle layer 1061) of bonding material 
encapsulate the porous material 102. The displacement of 
the middle layer 1061) of bonding material by the presence 
of the porous material 102 is taken up With the upper 
‘gap-?lling’ layer 1060 of bonding material. These layers 
106a, 1061) and 1060 of bonding material are sandWiched 
betWeen a rigid upper substrate 120a and a loWer substrate 
120!) for mechanical support. In some embodiments, no 
substrates are used or the layers 106a, 106b, and 1060 can 
be potted in any material commonly knoWn in the arts for 
providing increased mechanical strength, desired thermal 
conductivity, or dielectric strength, herein referred to as a 
“potting material.” Examples of such potting materials 
include, but are limited to, thermoset resin, epoxy, rein 
forced epoxy, castable acrylic, and silicone. 

Fluid input/output connections to the porous materials 
102 such as the junctions 114a and 114!) shown in FIG. 1 can 
be made by any means knoWn in the art or by a capillary 
pigtail connection 31411 that is directly integrated and sealed 
in the bonding material 106 as illustrated in FIGS. 3A and 
3B. Anonporous membrane 306 that substantially maintains 
its shape at the bond temperature and pressure, such as 
polypropylene, overlays the connection 314a betWeen the 
porous material 102 and the ?rst capillary 112. This type 
connection 31411 is a “lap joint”. The connection 3141) 
between an electrode 312 and the porous material 102 is also 
a lap joint. The nonporous membrane 306 prevents plugging 
of the capillary 112 or complete encapsulation of the elec 
trode 312 by the bonding material 106. Alternatively, one or 
more pieces of nonporous membrane 306 can cover a butt 
junction betWeen tWo porous elements or a porous element 
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4 
and a capillary or electrode, for example. Preferably, the 
connection 114a can Withstand, i.e., Will not break under, 
high pressures, such as pressures equal to or greater than 500 
psi, and has a loW dead volume. 

Other high pressure and loW dead volume ?uid input/ 
output connections can be made by direct bonding. For 
example, connections can also be made by conventional 
HPLC ?ttings 402, illustrated in FIG. 4, that are bonded by 
bonding material 106 to the upper substrate 120a and that 
communicate With the ?oW path 104 through a via 116 
machined through the upper substrate. Vias may be through 
the upper substrate 120a and/ or the loWer substrate 120!) and 
may be used to attach sensors, reservoirs, and electrodes or 
to provide a ?uid connection, for example. 

In the embodiment illustrated in FIG. 4, a small Well 416 
in the bonding material 106 is cut- or punched-out at the via 
116 in the upper substrate 120a and the capillary 112 is 
extended into this Well to provide a connection that is not 
sealed by the bonding material. A via 116 is also machined 
through the bottom substrate 120!) and a pressure transducer 
406 is bonded to the loWer substrate 120!) across the via, 
illustrating another example of a high pressure and loW dead 
volume connection. 

Connections made by direct bonding can Withstand high 
pressures. For example: A standard PEEK (polyetherether 
ketone) or stainless steel HPLC ?tting has an internal Wetted 
diameter of less than 1 mm diameter and a 5 to 10 mm 
diameter ?ange that can be bonded to the upper or loWer 
substrate 12011 or 1201). Such a ?tting, bonded With a ?lm 
having 900-psi tensile strength, a value typical of many 
polymer bonding materials, provides the mechanical 
strength required for operation at pressures of over 10,000 
psi, Which generally exceeds the pressure rating of common 
HPLC ?ttings. 

FIG. 5 shoWs an implementation of a lap joint connection 
314 betWeen different strips of porous material 102, one strip 
being perpendicular to the page. The strips do not have to be 
comprised of the same type of porous material but can be 
comprised of porous material having different characteris 
tics. Fluid and electrical connection is made by the physical 
overlap hence direct contact of the porous media 102 
forming the tWo intersecting ?oW paths 104. Five layers of 
bonding material 106 are employed to encapsulate the 
porous materials 102. 

FIG. 5 also illustrates an avoided lap-joint interconnect 
504. In conventional trench-and-cover chips, the ?oW circuit 
is essentially in one plane, and thus the only means of 
avoiding a channel intersection is to stack up more etched 
substrates interconnected With vias. FIG. 5 is an example of 
hoW the present invention can be directly and simply 
extended to multilayer ?oW structures. 
LoW pressure ?uid input/output connections to the porous 

materials can be made by any of the high pressure connec 
tions described or any other connection knoWn in the art or 
by direct contact of the porous material 102 With the ?uid 
that enters the ?oW device through a via 116 as illustrated in 
FIGS. 6A-6C or by placing exposed porous materials in 
contact With a ?uid as illustrated in FIGS. 7A and 7B. 

In FIG. 6A the porous material 102 is directly exposed to 
?uid in Well 416 that is open from the upper substrate 12011 
to the loWer substrate 12019. The porous material 102 in FIG. 
6B is exposed to ?uid in a Well 416 that is open to only the 
upper substrate 12019. In FIG. 6C the porous material 102 is 
folded to make a direct contact With the via 116. 

Alternatively, a loW pressure connection can be made With 
porous material 102 that has an edge 702 ?ush With the 
bonding material 106, forms a recessed Wick 704, or forms 
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a Wick 706, as illustrated in FIG. 7A. The ?ush edge 702, 
recessed Wick 704, or Wick 706 of a porous material 102 can 
be placed in a ?uid reservoir 11511 for ?uid input or output. 
FIG. 7B shoWs the ?ush edge 702 in the reservoir 11511. The 
reservoir 115a can contain an electrode With the porous 
material 102 forming part of an electroosmotic ?oW device 
or a bridge, such as the bridge 118 in FIG. 1 or a bridge as 
described in US. patent application Ser. No. 10/137,215, 
?led on May 1, 2002 and entitled Bridges, Elements and 
Junctions for Electroosmotic FloW Systems, now US. Pat. 
No. 7,060,170 incorporated herein by reference. Arrays of 
such edge connections can be used in conjunction With 
separate reservoirs or reservoirs in the form of a replaceable 
cartridge pack. 

Optical connections can be made With optical ?ber pig 
tails 802 that are directly integrated and sealed into the 
bonding material 106 layers as illustrated in FIG. 8. FIG. 8 
shoWs an example optical detection absorption cell 800. The 
cell 800 is located at the outlet of a ?oW path formed by the 
porous material 102. Light from one ?ber 802 transillumi 
nates the ?uid ?oWing out of the porous material 102 and 
into an absorption optical path 804. After passing through 
the absorption optical path 804, the ?uid ?oWs out of the 
device through pigtailed capillary 112. As the composition 
of the ?uid or tracer components in the ?uid varies, the 
amount of optical absorption may vary. A portion of the 
absorbed light is collected by a second optical ?ber 803 and 
thence to an optical detector (not shoWn). A third optical 
?ber (not shoWn) may be included and positioned at an angle 
to the absorption optical path 804 to collect any induced 
?uorescence or otherWise scattered light. The third optical 
?ber can be substantially in the plane of or normal to the 
plane of the ?oW device When the ?oW device is substan 
tially planar. The optical ?bers 802 and 803 can be pre 
aligned under illumination and thermally or adhesively 
tacked into place prior to bonding. In a similar fashion, metal 
or carbon ?ber electrodes (or arrays of same) may be 
integrated into the bonding material 106 and positioned into 
the ?oWing liquid to act as elements of an electrochemical 
detection cell. 
A Wide variety of porous materials 102 can be used in 

conjunction With the invention. The porous material 102 
used can be chosen for a suitable surface chemistry, surface 
charge, pore siZe, pore topology, and formation factor. 
Porous materials 102 include porous polymers, membranes, 
silica, alumina and nylon. Fine-pored material having a loW 
surface charge density of about 1012 charges/cm2 (as a 
reference, ioniZed silica is about 3.5 1014 charges/cm2), such 
as hydrophilic polyvinylidene ?uoride, polyethersulfone, or 
polyvinylalcohol can be used as bridges. Fine-pored mate 
rial having a high surface charge density (greater than about 
5 1014 charges/cm2), such as Na?on® membranes can be 
used as ion-exchange elements. Hydrophobic porous mate 
rials 102 such as polypropylene or PTFE (polytetra?uoro 
ethylene), also knoWn as Te?on® membranes can be used as 
vents. 

Porous materials 102 can be used as produced or can be 
derivatiZed to alter their surface chemistry. Any method 
knoWn in the art can be used to modify or derivatiZe the 
surface chemistry of the porous materials 102 such as those 
disclosed in T. Jimbo, M. Higa, N. Minoura and A. Tanioka, 
‘Surface characterization of polyacrylonitrile membranes: 
Graft-polymerized With ionic monomers as revealed by Zeta 
potential measurements,’ Macromolecules 31 pp. 1277-1284 
(1998). E. Klein, ‘A?inity membranes: a 10 year revieW,’ J. 
Membrane Sci. 179 pp. 1-27 (2000). K. Takata, Y. Yamma 
moto and T. Sata, ‘Modi?cation of transport properties of 
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6 
ion exchange membranes,’ J. Membrane. Sci. 179 pp101 
107 (2000). S. Belfer, Y. Purinson, R. Fainshtein, Y. Rad 
chenko and O. Kedem, ‘Surface modi?cation of commercial 
polyamide reverse osmosis membranes,’ J. Membrane Sci. 
139 pp. 175-181 (1998), Which are incorporated herein by 
reference. The porous material 102 as-coated or as deriva 
tiZed are preferably stable at least up to the bond temperature 
of the bonding material 106. 
One advantage of the invention is the ability to modify the 

porous material 102 before incorporation into the device 
100. This overcomes the extreme di?iculty and loW manu 
facturing yield of in situ derivatiZation generally required 
When using conventional trench-cover-?ll methods of chip 
manufacture. 

Preferably the porous material 102 is in the form of a 
membrane sheet or ?lm Which can be easily manufactured 
With good dimensional tolerance, has an appropriate thick 
ness for bonding (approx. 100 microns), is easily handled 
and can be cut into strips or pieces of the appropriate siZe, 
and Which facilitates derivatiZation before lamination. The 
pore geometry of the sheet is chosen With the design of the 
?oW system in mind, speci?cally Whether ?uid ?oW Will be 
normal to the plane of the sheet or in the plane of the sheet 
along its length, Which is referred to herein as “longitudinal 
?oW”. Sheets of porous material membranes are generally 
intended for use With ?uid ?oW directed normal to the plane 
of the material. HoWever, many porous materials have an 
isotropic pore geometry and are thus suitable for ?oW in the 
plane of the membrane. Some ultra-?ltration membranes are 
manufactured With a pore siZe distribution that is highly 
asymmetric in the direction normal to the plane of the 
membrane. Such materials are not suitable for applications 
requiring uniform longitudinal ?oW. HoWever, such materi 
als can be successfully employed in a layered planar struc 
ture for integrated ?ltration or dialysis Where a component 
of the ?oW is normal to the original plane of the membrane. 
Some porous membrane materials have a longitudinally 

anisotropic pore structure, i.e., the pore structure facilitates 
longitudinal ?oW in a preferred direction. Such materials are 
suitable for usage Where longitudinal ?oW is desired and the 
anisotropy is reproducible in manufacturing. Preferably, 
When this type of material is used, it is oriented to take 
advantage of the different ?oW properties presented by the 
anisotropy. 
The porous material 102 can be cut into strips or any 

shape using any method knoWn in the arts of printing and 
paper handling, including kiss- or die-cutting. For example, 
for chromatographic separation, the porous material 102 can 
be a membrane cut into strips approximately 0.2 to 2 mm 
Wide and as long as required by the application. These strips 
need not be straight but can be cut in a curved or serpentine 
fashion to provide a smaller footprint. Wider strips can be 
used, for example, to perform tWo-dimensional separations 
or to achieve high volumetric ?oW for preparative chroma 
tography. 
The porous material 102 used for chromatography can be 

selected according to principles Well-known in the art. For 
example, the porous material 102 can have a pore siZe of less 
than ten microns, Which is small enough for HPLC. The 
porous material 102 can be modi?ed to provide a Wide range 
of binding characteristics desirable in chromatographic 
separation, preconcentration, extraction, and electrophore 
sis. The modi?cation can take place before the porous 
material is integrated into a ?oW device. 
The porous material 102 can be speci?cally designed or 

modi?ed to provide a Wide range of characteristics desirable 
for ?uid control and ?uid pumping. For example, some ?uid 
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control can be achieved through selection of ?oW resistances 
of the porous material 102. The Wide range of available pore 
diameters and formation factors can be used to provide a 
Wide range of ?oW resistances. Microchannels composed of 
porous material 102 preferably are used for general ?uid 
transport in the invention. Using a porous material 102 for 
?uid transport lessens hydrostatic siphoning due to different 
reservoir head heights and physical orientation. 

Further, the porous material 102 can be selected to have 
a surface charge so that When an electric potential is applied 
to a ?uid in the porous material 102, the ?uid is pumped as 
in the ?oW system illustrated in FIG. 1. The porous material 
102 can have a pore siZe of less than one micron, Which is 
small enough for high-pressure electrokinetic devices. Mate 
rials having a native surface charge may be used, such as 
nylon or nitrocellulose. Alternatively, these and many other 
polymers can be derivatiZed to enhance, alter or add surface 
charge. 
Common porous and bonding materials 102 and 106, 

respectively are approximately 50 to 250 microns thick. 
HoWever, thicker and thinner materials can be used. The 
thicker the porous material 102, the higher the volumetric 
?oW. Volumetric ?oW can also be increased by stacking 
layers of the porous material 102. When the porous material 
102 is stacked, it can be interlayered With the bonding 
material 106. 

Potential bonding materials 106 include, but are not 
limited to, homopolymers and copolymers of polyethylene 
and polypropylene, vinyl and acrylic acetates, polyesters, 
polyole?ns, polyamids, polyimides, nitrites and nitrile-phe 
nolics, chloro-?uoro-polymers, and thermally activated 
epoxies. These materials are commercially available as ?lms 
With bond temperatures ranging from about 80° C. to 3500 
C. 

Bonding materials 106 With various bond temperatures 
may be used in combinations. LoWer temperature versions 
are preferred for bonding the micro-components. The high 
temperature versions are preferred for preparative bonding 
of subassemblies that Will thus be unaffected by integration 
during a subsequent loWer temperature bonding step. 

Bonding materials 106 are generally selected for: bond 
temperatures consistent With preserving the physical and 
chemical integrity of the porous and other micro-component 
materials; chemical inertness; mechanical strength, particu 
larly resistance to plastic deformation under pressure at 
normal operating temperatures; adhesion to porous materials 
and any other micro-components and substrates employed; 
and minimal shrinkage during bonding. Further, the bonding 
material preferably is pliable so that it conforms to the edge 
of the porous materials 102 and any other micro-compo 
nents. 

The thickness of the porous material 102 or micro 
components and any associated gap-?lling bond layers 106 
preferably are near equal. Gap-?lling bonding material 106 
can be added or removed to compensate for the thickness of 
the porous material 102 or other micro-components. Some 
bonding material 106 in the gap-?lling layer preferably is 
cut out to accommodate porous material 102 or other 
micro-components that are much thicker than the bonding 
material, so that the ?nished device is substantially planar. 
For thin elements, such as capillaries, Wires, or optical 
?bers, Where the diameter of the micro-component is 
approximately equal to the thickness of the bonding material 
106, it is not necessary to cut the bonding material in the 
gap-?lling layer. 

The materials used for the substrates 120a and 1201) can 
include glass, ceramic, metal and polymer. The substrate 
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8 
material and thickness are selected for: the ability to form a 
strong adhesive or cohesive bond With the bonding material 
106; chemical compatibility With ?uids used in the ?oW 
system; the mechanical strength needed to contain any ?uid 
pressure in the ?oW system; the capacity to provide vias for 
?uid ?oW that are as ?ne as desired; the ability to mold, 
emboss, or machine as desired. 
The substrate material can be pre-treated or coated With a 

primer to promote adhesion to the bonding material 106. For 
example, an untreated glass substrate Will adhere poorly to 
many polymer bonding materials and is preferably pre 
treated When used With polymer bonding materials. A glass 
substrate can be pretreated With a primer containing an 
amino-silane dissolved in methanol, for example. Generally, 
the substrate surface is ?rst cleaned and dried, a coating of 
primer is applied, the coating is air- or oven-dried or cured, 
then the substrate can be stacked and laminated With porous 
materials 102 and other micro-components. The primer can 
be applied by any method knoWn in the art such as: dip 
coating, painting and spin coating. 

Several substrates, porous materials, and other micro 
components can be laminated together in a stacked fashion 
in a single device. For example, open or packed capillary 
elements can be bonded into the device. Open capillaries can 
be used for point-to point connections Within the device. 
Packed capillaries can be used to incorporate conventional 
particle-type chromatographic stationary phases. Electrode 
leads can be encapsulated Within the bonding material 106 
in order to provide electrical connections. 

Typically, all the micro-components that are in a single 
device are stacked With bonding material 106 betWeen the 
micro-components Where no ?uid ?oW is desired. The stack 
can then be compressed at a pressure of about 5-80 psi, for 
example and heated to the bond temperature speci?c to the 
bonding material 106 used. The bond pressure and tempera 
ture preferably are su?iciently high to promote a good bond 
as Well as to cause the bonding material 106 to ?oW enough 
to ?ll in the gaps betWeen micro-components but loW 
enough to prevent signi?cant intrusion of the bonding mate 
rial into the pores of the porous material 102 and hence, 
prevent blockage of the ?oW path. 
The device then cools. This process can be continuous or 

in batch. The process may employ any of the ?xturing 
methods Well knoWn in the art, including: hot-shoe or 
thermode bonding, clamped static or conveyoriZed oven 
bonding, hydraulic or mechanical press bonding, hot-roller 
lamination bonding, or ultrasonic bonding or Welding. 

Bonding of components to the exterior of the substrates 
120a and 1201) can be made using thermoplastic bonding 
materials 106 and can be made in the same step as bonding 
the porous material 102, can be made in a preparative step 
using a higher bond temperature ?lm, or can be made after 
the bonding of the porous material using a loWer tempera 
ture bonding material, for example a thermally-activated 
epoxy ?lm. Alternatively, components can be bonded using 
an adhesive or mechanical sealing method. 

Advantages of a laminated ?oW device include: a Wide 
variety of different micro-components can be easily incor 
porated into a device; ?uid, optical and electrical input/ 
output connections can be easily incorporated using pigtails 
rather than connectors; a high degree of pressure driven ?oW 
isolation can be achieved using a system that is ?lled With 
porous media (this results in more immunity from hydro 
static siphoning due to different reservoir head heights or 
physical orientation than a system using in Whole or in part 
open channels); the ability to integrate a variety of types of 
micro-components in a planar and in a multilevel planar 
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?oW system device; can incorporate bulk-derivatiZed porous 
material; the bonding material forms a high integrity seal 
that can Withstand pressures in excess of 500 psi; can have 
both a high rate ?uid pump and a loW ?oW rate ?uid pump 
in one device; can be mass manufactured; can have an entire 
?oW system in one device, for example, all the elements 
required for chromatographic separation and/or chemical 
processing, e.g., pump, injector, ?oW controller, separation 
elements, sample preparation, reactors, mixers, detection 
elements. 

The laminated assemblies described herein can be used in 
conduction With conventional methods of making open 
conduit chips. For example, open channels can be made by 
embossing or etching a substrate prior to bonding to the 
device. Alternatively, a laminated device can be subse 
quently laminated or otherWise connected to a conventional 
chip to form a hybrid system. 

Another example of a ?oW device containing multiple 
micro-components is illustrated in FIGS. 9A and 9B. The 
device is encapsulated in an epoxy 924 to provide further 
mechanical support and electrical isolation. Plates 926 pro 
vide additional mechanical support. The plates 926 can be 
comprised of any substantially rigid material. 

Fluid ?oWs from an inlet 927 at pressure P 1 918 at an inlet 
end 928 of the ?rst pigtailed capillary 112 through an outlet 
929 at an outlet end 930 of the ?rst pigtailed capillary to a 
?rst junction 114. A portion of the ?uid ?oWs from the ?rst 
junction 114 through an inlet 931 in an inlet end 932 of the 
second pigtailed capillary 113 to an outlet 933 at pressure P2 
920 at an outlet end 934 of the second pigtailed capillary 
113, Wherein P 1 preferably is greater than P2. The outlet end 
930 of the ?rst capillary 112 and the inlet end 932 of the 
second capillary 133 are encapsulated by the bonding mate 
rial 106. A portion of the ?uid ?oWs through the ?rst junction 
114, a positive Zeta potential porous membrane 902 and a 
second junction 913 to a ?rst reservoir 915. The positive Zeta 
potential porous membrane 902 forms a ?oW path 1041) 
Within the laminate having a ?uid inlet 108 and a ?uid outlet 
110. Another portion of the ?uid ?oWs through the ?rst 
junction 114, a negative Zeta potential porous membrane 903 
and a third junction 914 to a second reservoir 916. The 
negative Zeta potential porous membrane 903 also forms a 
?oW path 104a Within the laminate having a ?uid inlet 108 
and a ?uid outlet 110. 

The current path is from an electrode 912 in the second 
reservoir 916 through the ?uid in the second reservoir 916, 
the ?uid in the third junction 914, the ?uid in the negative 
Zeta potential porous membrane 903, the ?uid in the ?rst 
junction 114, the ?uid in the positive Zeta potential material 
902, the ?uid in the second junction 913, the ?uid in the ?rst 
reservoir 915 to an electrode 912 in the ?rst reservoir 915. 
Leads 922 are used to attach the electrodes 912 to a poWer 
source (not shoWn). Because one porous membrane 902 has 
a positive Zeta potential and the other porous membrane 902 
has a negative Zeta potential, ?uid ?oWs in opposite direc 
tions in the porous membranes and is draWn aWay from the 
capillaries 112 and 113 betWeen the membranes When a 
potential is applied across the membranes. The ?oWrate of 
the portion of ?uid that ?oWs in the second capillary 113 and 
the ?oWrate of the portions that ?oW through the porous 
membranes 902 and 903 to the reservoirs 915 and 916 are 
determined by the siZe of the potential applied to the 
electrodes. A portion of ?uid Will still ?oW through the 
porous membranes 902 and 903 even if no potential is 
applied. This ?oW controller is described in Us. patent 
application Ser. No. 10/ 155,474, ?led on May 24, 2002, and 
entitled Combined Electroosmotic and Pressure Driven 
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10 
FloW System, published as US 2002/0195344, Which is 
incorporated herein by reference. 
An example of a ?oW device that can be used for ?ltration 

is illustrated in FIGS. 10A and 10B. A ?rst sheet of porous 
material 1002 is stacked parallel to and in contact With a 
second sheet of porous material 1003. All ?uids that are able 
to ?oW through the ?rst sheet of porous material 1002 are 
not able to ?oW through the second sheet of porous material 
1003. In other Words, the ?rst sheet of porous material 1002 
has a greater permeability than the second sheet of porous 
material 1003. This can be accomplished, for example, by 
using a second sheet of porous material 1003 that has pores 
that are smaller in diameter than pores in the ?rst sheet of 
porous material 1002. Hence, a ?uid that contains some 
molecules that have a larger diameter than the pores of the 
second sheet of porous material 1003 but a smaller diameter 
than pores of the ?rst sheet of porous material 1002 can ?oW 
through the ?rst sheet of porous material completely, While 
the larger molecules of the ?uid are prevented from ?oWing 
through the second sheet of porous material. The second 
sheet of porous material 1003 can have pores su?iciently 
small to exclude the larger molecules throughout the second 
sheet of porous material or can be asymmetric having small 
pores siZes along the portion of the sheet contacting the ?rst 
sheet of porous material 1002. 

Fluid, containing some molecules that are larger than the 
pores of the second sheet of porous material 1003 that are in 
contact With the ?rst sheet of porous material 1002, enters 
the device from a ?rst pigtailed capillary 112 then ?oWs 
through a junction 314 into the ?rst sheet of porous material. 
All of the ?uid can ?oW longitudinally through the ?rst sheet 
of porous material 1002. The portion of the ?uid that 
contains molecules that are small enough to pass through the 
second sheet of porous material 1003 can ?oW laterally from 
the plane of the ?rst sheet of porous material 1002 to the 
second sheet of porous material and out of the device 
through a second pigtailed capillary 113. The ?uid that exits 
through the second pigtailed capillary 113 has been ?ltered 
so that it does not contain molecules too large to pass 
through the second porous material 1003. The rest of the 
?uid containing both large and small molecules exits from 
the device through a third pigtailed capillary 1012. 

Although the present invention has been described in 
considerable detail With reference to certain preferred ver 
sions thereof, other versions are possible. For example, a 
?oW device having features of the present invention can 
include a chromatographic column. Therefore, the spirit and 
scope of the appended claims should not be limited to the 
description of the preferred versions contained herein. 

All features disclosed in the speci?cation, including the 
claims, abstracts, and draWings, and all the steps in any 
method or process disclosed, may be combined in any 
combination, except combinations Where at least some of 
such features and/or steps are mutually exclusive. Each 
feature disclosed in the speci?cation, including the claims, 
abstract, and draWings, can be replaced by alternative fea 
tures serving the same, equivalent or similar purpose, unless 
expressly stated otherWise. Thus, unless expressly stated 
otherWise, each feature disclosed is one example only of a 
generic series of equivalent or similar features. 
Any element in a claim that does not explicitly state 

“means” for performing a speci?ed function or “step” for 
performing a speci?ed function, should not be interpreted as 
a “means” for “step” clause as speci?ed in 35 U.S.C. §ll2. 
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What is claimed is: 
1. A ?oW device comprising: 
(a) a ?rst porous membrane Which forms a ?rst ?oW path 

having a ?rst liquid inlet and a ?rst liquid outlet, 
(b) a second porous membrane Which is in electrical 

communication With the ?rst porous membrane and 
Which forms a second ?oW path having a second liquid 
inlet and a second liquid outlet, the ?rst and second 
porous membranes having different Zeta potentials; 

(c) a non-permeable barrier comprising tWo layers of 
bonding material, Wherein the tWo layers of bonding 
material (i) surround the ?rst and second porous mem 
branes, and (ii) are formed into a laminate by heating 
and compressing the layers of bonding material around 
the ?rst and second porous membranes, so that the 
barrier conforms to the exterior of the ?rst and the 
second porous membranes Without blocking the ?rst 
?oW path or the second ?oW path; 

(d) a ?rst capillary having an inlet end and an outlet end, 
the outlet end lying Within the laminate and being in 
liquid communication With the ?rst liquid inlet and the 
second liquid inlet, the inlet end of the ?rst capillary 
having a pressure P1; 

(e) a second capillary having an inlet end and an outlet 
end, the inlet end lying Within the laminate and being 
in liquid communication With the outlet end of the ?rst 
capillary, the outlet end of the second capillary having 
a pressure P2, Wherein Pl >P2; and 

(f) means for applying an electrical potential across the 
?rst and the second porous membranes; 

Wherein When a liquid ?oWs out from the outlet end of the 
?rst capillary, a ?rst portion of the liquid ?oWs in to the 
?rst liquid inlet, a second portion of the liquid ?oWs in 
to the second liquid inlet, and a third portion of the 
liquid ?oWs in to the inlet end of the second capillary. 

2. A device according to claim 1 Wherein the ?rst portion 
has a ?rst ?oW rate, the second portion has a second 
?oWrate, and the third portion has a third ?oWrate and the 
?rst and second ?oWrates increase and the third ?oWrate 
decreases upon application of an electrical potential across 
the membranes. 

3. A method of using the device of claim 1 comprising the 
steps of: 

(a) inserting ?uid into the inlet end of the ?rst capillary; 
and 

(b) applying an electrical potential to the electrodes. 
4. A method for making a micro?uidic device comprising 

the steps of: 
a. providing a ?rst thermally conformable layer having a 

deformation temperature and a top surface; 
b. placing upon said top face a pre-formed porous element 

having an inlet end and an outlet end; 
c. de?ning ?rst and second element interconnection 

regions Within said ?rst conformable layer, Wherein 
said inlet and said outlet end of said porous element is 
located Within said ?rst and second element intercon 
nection regions, respectively; 

d. placing an end of a ?rst capillary Within said ?rst 
element interconnection region; 

e. placing an end of a second capillary Within said second 
element interconnection region; 

f. placing the ?rst and second shape maintaining non 
permeable membranes over said ?rst and second ele 
ment interconnection regions, respectively, Wherein 
each membrane has a thermal deformation temperature 
higher than said ?rst thermally conformable layer’s 
deformation temperature; 
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12 
g. placing a second thermally conformable layer upon 

said ?rst thermally conformable layer, Wherein said 
second thermally conformable layer covers and extends 
beyond said porous element, capillaries, and shape 
maintaining non-permeable membranes; and 

h. thermally bonding said ?rst and second thermally 
conformable layers at a temperature at or above said 
deformation temperature of said ?rst conformable layer 
and less than said ?rst and second shape maintaining 
non-permeable membranes, 

Wherein said ?rst and second thermally conformable 
layers deform to conform and seal around said porous 
element and said capillaries but not Within said ?rst and 
second interconnection regions, thereby forming a ?rst 
chamber Within said ?rst interconnection region, a 
second chamber Within said second interconnection 
region, said ?rst and second capillary ends being Within 
said chambers, respectively, said ?rst and second cham 
bers each having surfaces formed from a portion of said 
?rst thermally conformable layer, a portion of said 
second thermally conformable layer and a portion of 
one of said ?rst or second shape maintaining non 
permeable membranes, respectively, thereby de?ning a 
?uid ?oW path from said ?rst capillary end, through 
said porous element, and out said second capillary end. 

5. The method of claim 4 further comprising the step of 
placing a plurality of porous elements having ?rst and 
second ends, each end located Within a separate one of a 
plurality of interconnection regions under said shape main 
taining non-porous membranes prior to said bonding step. 

6. The method of claim 5 further comprising the step of 
placing Within three or more of said interconnection regions 
an end of one or more of a plurality of capillaries under said 
shape maintaining non-porous membranes prior to said 
bonding step. 

7. The method of claim 4 further comprising the step of 
placing a portion of ?rst and second electrodes in said ?rst 
and second interconnection regions under said ?rst and 
second shape maintaining non-porous membranes prior to 
said bonding step. 

8. The method of claim 4 further comprising the step of 
placing a portion of at least one optical ?ber Within one of 
said interconnection regions under said shape maintaining 
non-porous membranes prior to said bonding step. 

9. A laminated micro?uidic device comprising: 
a ?rst conformed layer; 
?rst and second interconnection regions; 
an end of a ?rst capillary located Within said ?rst 
interconnection region; 

d. an end of a second capillary located Within said second 
interconnection region; 

e. a porous element having ?rst and second porous 
element ends, said ?rst porous element end located 
Within said ?rst interconnection region and said second 
porous element end located Within said second inter 
connection region; 

f. a ?rst and second non-porous membranes, each cover 
ing one of said ?rst and second interconnection regions; 

g. a second conformed layer bonded to said ?rst con 
formed layer With said capillaries, porous element, and 
non-porous membranes encapsulated therebetWeen; 

h. ?rst and second ?uid chambers Within said intercon 
nection regions, each ?uid chamber having therein a 
?rst surface formed from a portion of one of said ?rst 
or second non-porous membranes, respectively, a sec 
ond surface formed from a portion of said ?rst con 

a. 

b. 
c. 
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formed layer, and third surface formed from a portion chamber, through said porous element, through said 
of said second conformed layer, and, second ?uid chamber, and out said second capillary 

i. a contiguous ?uid ?oW path formed betWeen said ?rst end. 
and second conformed layers, said ?uid path extending 
from said ?rst capillary end, through said ?rst ?uid * * * * * 


